energy systems for heating and electrical power generation, high temporal and spatial resolution data for mid-and long-term energy planning are needed. Hourly and daily values of solar radiation measurements, which are always necessary for these applications, entail unacceptably high costs if provided by a high-density ground-based radiometric network. Satellite sensors provide an alternative to the sparse coverage of radiometric networks, since they can produce data over large regions on a high spatial resolution grid. Meteorological geostationary satellites such as Meteosat are widely used: they offer synoptic and accurate views of the cloud fields, which are the major causes of changes in solar radiation available at the surface.
Various algorithms and models have been developed for estimating the surface solar irradiance (SSI) from geostationary satellite images (Cano et al. 1986; Diabaté et al. 1988; Martins et al. 2007; Raschke 1983, 1984; Perez et al. 1997 Perez et al. , 2002 Raschke et al. 1987; Tarpley 1979) . Among those models, several studies have confirmed the reliability of the Heliosat-2 model for retrieving the SSI from Meteosat satellite images (Hammer et al. 2003) . SSI estimated by means of satellite images needs to be characterized through comparison with surface data in order to ensure the reliability and precision of the retrieved SSI data over each region of interest.
Furthermore, quality assessment of the retrieved data is necessary, since it allows corrections or improvements of the method resulting in the production of high-quality solar data sets (Dagestad 2004; Dürr and Zelenka 2009; Espinar et al. 2009 ).
Several studies have been conducted to evaluate the uncertainty of SSI derived from the Heliosat-2 method applied to Meteosat images. Several authors found the quality of the retrieved SSI satisfactory for Europe, including Madeira Island (Aculinin 2008; Blanc et al. 2011; Lefèvre et al. 2007; Rigollier et al. 2004; Vazquez et al. 2009 ).
Similar conclusions were reached for the Northern African desert climate (Abdel Wahab et al. 2009; Blanc et al. 2011) and for arid and semi-arid areas of Iran (Moradi et al. 2009 ) and Iraq (Al-Jumaily et al. 2010) . Dependency of the performance of the method on the local climate was found in Africa by Lefèvre et al. (2007) analysing data from 35 stations. This was confirmed by Dountio et al. (2010) with fairly poor performances observed for Cameroon; on the contrary, good performances were observed by Wald et al. (2011) for Mozambique and Blanc et al. (2011) for Mozambique and Zimbabwe.
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Although many studies have been carried out to evaluate Heliosat-2 estimates, there are still several specific climate areas covered by the Meteosat satellite which have not been evaluated. The present work focuses on the northeastern region of Amazonia, an area where the climate is influenced by the Intertropical Convergence Zone (ITCZ).
The ITCZ appears in satellite images as a band of clouds and its presence is related to rainfall. Change with time in the location of the ITCZ for a given area results in the rainy and dry season. The aim of this article is to evaluate the Heliosat-2 method by using ground measurements performed at four stations in French Guiana.
Overview of the climate in French Guiana
French Guiana is situated between 2° N and 6° N on the Northeast coast of South America. It is characterized by a subequatorial climate with a mean annual rainfall ranging from 2500 mm to 3000 mm occurring in a bimodal pattern (Marchand et al. 2004) (Figure 1 ). The amount of rainfall is governed by the movements of the ITCZ.
The ITCZ is characterized by rapid ascent of hot air associated to the development of large and homogeneous cumulonimbus clouds. The ITCZ is the location of convergence of the northeast and southeast trade winds. The convergence of these wind systems enhances the development of convective rain clouds and vigorous thunderstorms over large areas.
The ITCZ overpasses French Guiana twice a year delineating a seasonal cycle with four unequal periods (Bovolo et al. 2011) . From July to November, the ITCZ lies north (10° N) of French Guiana, which corresponds to the dry season. During this season, the sky is mostly clear with frequent cloudy periods. Clouds are most often cirrus, stratocumulus and altocumulus (Vasquez, 2009) . During the night and early morning, the sky is cloudy, overcast with multiple layers of altostratus and stratocumulus clouds. These layers are then split to form small cumulus clouds during the afternoon offering fragmented cloud cover. Weak precipitations may occur.
While moving southwards the ITCZ overpasses French Guiana during the months of December to January. This is the short rainy season (Figure 1 ). During the period of February to March, the ITCZ reaches its southernmost position between 10° S and 20° S; precipitation levels decrease. Then, the ITCZ slowly moves northwards and overpasses again French Guiana with episodes of strong rains. This major rainy season extends from late March to early July and peaks during May (Figure 1 ).
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Annual variations of the movements of the ITCZ do exist; onset and cessation dates of each season vary from year-to-year.
Ground and satellite data
In situ measurements exploited for the purposes of this study were provided by four weather stations (Table 1) 2005, which were calculated using images of reduced quality, known as B2 images, taken by the Meteosat first-generation sensor (Lefèvre et al. 2007) . Blanc et al. (2011) consider that HC-1 has an effective pixel of 30 km in size in the first approximation.
They studied the effect of the low number of images usable per day for a given pixel; this number decreases as the latitude increases, and so does the quality of the imagery as a whole. However, the limited number of instantaneous satellite observations within a day has an effect which cannot be predicted easily as demonstrated by these authors. 
The Heliosat-2 Method
The Heliosat-2 method is based on the principle that a difference in the signal received by the sensor is due to a change in the apparent albedo, which is caused by a modification of the cloudiness. A cloud index, n, is then formulated, which is correlated to the SSI using a statistical regression. This principle of statistical regression was adopted by the Heliosat-1 method (Cano et al. 1986; Diabaté et al. 1988; Moussu et al. 1989 ) which uses visible spectrum images from the Meteosat first-generation satellite.
The model was improved by setting up an automatic calibration procedure that transforms digital counts into radiance (Lefèvre et al. 2000; Rigollier et al. 2002) , making it possible to introduce an explicit formulation of the different albedos required by the method, thus contributing to the robustness and operational capability of the model, now known as Heliosat-2 (Rigollier et al. 2004) . The cloud index, , can therefore be written as follows :
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is the apparent albedo observed by the satellite at instant t for the pixel (i, j).
is obtained by taking the minimum of the apparent albedo in a time series of images. is the albedo of the brightest clouds. Based on the cloud index, it is possible to calculate the following clear-sky index: (2) is also defined as the ratio between the SSI and the SSI that would be observed if the sky were clear , which leads to: (3) is estimated by the ESRA clear-sky model (Rigollier et al. 2000) corrected by with missing slots, the clear-sky index Kc known in UT system is interpolated every minute and then projected into the TST time system. The interpolation technique is a linear model considering that Kc is known for the middle of each 15-min interval. The ESRA model works in TST system and is ran for each minute of the day to yield . Then, the 1-min SSI is computed by Eq. 3. Daily means of SSI are calculated by summing these 1-min values.
Results and discussion
We performed a comparison between daily means of SSI estimated from HC-3 and qualified ground-based measurements. We followed the ISO standard (1995) by computing the deviations: subtracting measurements for each day from HC-3 estimations, and summarizing these deviations by the bias, the root mean square difference (RMSD), and the correlation coefficient r. In addition to SSI, we also study the clearness index: KT which is the ratio of the measured SSI to the irradiance impinging a horizontal surface at the top of the atmosphere. For clear skies, KT is close to 0.8, and is close to 0 for overcast skies. This index has the advantages of removing most of the effects due to Sun's position and indicating the type of sky. As for SSI, we computed the following deviations: KT from HC-3 minus KT from measurements, and we summarized these deviations by the bias, the RMSD, and the correlation coefficient.
The two time-series to be compared are different in nature: one is made of pinpointed time-integrated measurements, whereas the other is made of space-averaged instantaneous assessments. Accordingly, a discrepancy is expected because of the natural variability of SSI in space. Zelenka et al. (1999) found a standard deviation of 10-15% within a pixel relative to the hourly mean of SSI. Although it is difficult to predict because spatial variability is not a random variable and depends on each location and time because of the spatial and temporal properties of the cloudiness, we can expect a discrepancy of several percent relative to the daily mean of SSI and a few percent relative to the monthly mean. As previously reported by Lefèvre et al. (2007) , we note that the bias differs from 1 year to another. For example, it ranges from 13 W/m² to 23 W/m² for Rochambeau. Explanation may be found in the relation between the magnitude of the bias and the position of the ITCZ. The bias is close to 0 during the months of January and May. During these months, the ITCZ is active over French Guiana with rain at its maximum, usually in May (Figure 1 ). The sky is overcast with thick cloud decks. The bias is positive and maximum in magnitude in July, i.e. at the beginning of the dry season when the ITCZ is leaving Guiana and drifting northwards. Two other peaks in magnitude in bias are also observed in April-May and November-December, which correspond to the presence of the ITCZ respectively north of Guiana drifting southwards and south of Guiana drifting northwards, respectively. During these periods, clouds are broken with intermittent rainfall, which is discussed in section 2. Positions of the ITCZ for a given month as well as the intensity of the precipitations vary every month; this may induce changes in the annual bias. cannot result from low elevation of the Sun above the horizon and is solely due to large extinction of the radiation by the atmosphere. In Table 3 , we observe a synchronous trend in bias and RMSD, which suggests the existence of one or several common explanatory factors for all sites. Taking into account the fact that several authors have indicated greater accuracy for the Heliosat-2 method in dry climates (Moradi et al. 2009; Rigollier et al. 2004) , we selected the rainfall as a meteorological factor representative of the aridity of a site. We compute the monthly relative bias of a site as the average deviation for a given month in a given year divided by the mean SSI observed for this site for the whole period studied here (Table   1) . Hence, relative biases can be compared with each other. Figure 4 exhibits the monthly relative bias as a function of the monthly rainfall for Rochambeau and SaintGeorges. As a whole, the bias is maximum for low rainfall. Both graphs suggest that the bias decreases when the rainfall increases. Unsurprisingly, this is in agreement with the findings about monthly means of SSI in section 5.1. However, the correlation between the bias and rainfall is weak, which means that other factors have a noticeable influence.
Monthly mean of SSI

Quality of HC-3 daily means of SSI for each station
In the cases treated by the above-mentioned authors, dry climates meant frequent occurrence of clear skies, i.e. spatially constant conditions. It may be deduced that the absence of cloud cover or its fragmentation is important; this will be investigated later in this article.
Quality of HC-3 daily means of SSI for each season
Beside the sensitivity of the Heliosat-2 method to the monthly rainfall, we have evaluated the accuracy of the method for the rainy and dry seasons. Table 3 reports These concentration peaks are mainly due to Saharan dusts and occur during days with low or no rainfall. As a whole, the deviation is positive for aerosol concentration greater than 80 g.cm -3 and has a tendency to increase with the concentration. However, the correlation is weak and there is no positive or negative tendency for the bias when the concentration decreases. The positive deviations, i.e. overestimation, encountered for days with high concentration compensate the negative deviations found for the rainy days of the rainy season, contributing to a low overall bias for this season. The absence of Saharan dust resulting in lower aerosol concentrations (<40 g.cm -3 ) during the dry season does not yield a decrease in the magnitude of the bias. This is another possible reason for the seasonal difference in bias.
Quality of HC-3 daily means of clearness index
The results of this study revealed the sensitivity of the Heliosat-2 method to seasonal phenomena. To better study the causes behind the variation of HC-3 data, we focus now on the clearness index KT. KT is more pronounced when the cloud cover is fragmented, i.e. when the spatial variability in cloud cover is large. It is less pronounced when the cloud cover is homogeneous (low KT) or when the sky is clear, because a shift of homogeneous conditions has a small impact. This explains partly the bell-shape. 
Conclusion
This study demonstrates that it is possible to obtain good quality estimations of These results authorize the use of the Heliosat-2 method to compensate for the lack of solar radiation maps of the northeastern region of Amazonia, as well as the exploitation of HC-3 estimates in management systems for solar electricity or solar heat production.
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These results open new prospects for strengthening the Heliosat-2 method. It might be interesting, for example, to introduce more elaborate atmospheric transmittance models in order to decrease the uncertainty in the retrieval. Lefèvre et al. (2012) attained good results in the retrieval of the 1-min SSI under clear-sky by exploiting retrievals of the aerosol properties and total column content in ozone and water vapour issued by the MACC (Monitoring Atmosphere Composition and Climate) project cofunded by the European Commission. Regarding clouds, Qu et al. (2012) obtained results fairly close to HC-3 when using a radiative transfer model and detailed cloud properties derived from Meteosat images as inputs. These advanced elements could be studied for a further inclusion in Heliosat-2.
Future work is also planned to exploit images from GOES geostationary satellites offering smaller viewing angles of French Guiana in order to reduce the uncertainties and improve the accuracy of retrievals. Preliminary work made at l'UMR
Espace-Dev at Cayenne shows that it is feasible; Zhang et al. (2011) demonstrate the applicability of the Heliosat-2 method to the Chinese FengYun-2C (FY-2C) satellite to map solar radiation over China. 
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